In birds and mammals, including humans, melatonin-binding sites are abundant in brain areas that have no known clock function. Although the role of such binding sites is still unclear, it is assumed that these sites link neural functions to circadian or circannual demands of neuroendocrine homeostasis and reproduction. To investigate a possible direct role of melatonin in motor control, we studied the song and neural song system of the zebra finch. Neurons of two sensory-motor areas of the descending song control circuit that are crucial for the organization of the song pattern, the HVC and RA, express the melatonin-1B receptor (Mel 1B ), while the hypoglossal motor neurons of the song circuit express melatonin-1C receptors (Mel 1C ). Application of melatonin to brain slices decreases the firing-rate of RA-neurons. Systemic administration of a Mel 1B antagonist at the beginning of the night shortens the song and motif length and affects the song syllable lengths produced the next day. The temporal pattern of the song, however, does not undergo daily changes. Thus, melatonin is likely to affect a noncircadian motor pattern by local modulation of song control neurons and in consequence alters a sexual signal, the song of the zebra finch.
and mammals, including humans. Melatonin target sites are, however, also present in areas not involved in circadian pacemaking and neuroendocrine homeostasis including the visual system of birds (10, 11, 13, 14) , the cerebellum (7, 11, (14) (15) (16) , and the striatum (13, 17) of birds and mammals, the mammalian hippocampus (7, 12, 18, 19) and cortex (11, 15) . In relation with this widespread distribution of melatonin target sites, melatonin is suggested to link higher brain functions and neural plasticity to circadian and circannual homeostasis (20-24).
Here we set out to analyze a role of melatonin in behavioral patterning beyond circadian and circannual organization.One behavioral control circuit that binds melatonin is the neural song control system of songbirds (13, 25, 26) . The descending motor pathway of this circuits consist of the cortex-analogous sensory-motor integration area HVC (nucleus hyperstriatalis ventrale, pars caudale), the premotor area RA (nucleus robustus archistriatalis), the medullary motornucleus nXIIts (nucleus hypoglossus pars tracheosyringealis) that innervates the sound producing syrinx, and medullary expiratory and inspiratory premotor areas that project spinalcord respiratory motorneurons. HVC and RA of this motor system contain specific binding sites for the melatonin agonist iodomelatonin, suggesting the presence of melatonin receptors in these areas (13, 25, 26) . The vocal control system of songbirds is necessary for the generation of learned vocal patterns, which are part of the socio-sexual communication of songbirds such as the zebra finch (27-30). Adult male zebra finches produce a stereotyped sequence (motif) of syllables, which identifies each male acoustically. RA and HVC are required for the production of this song pattern; HVC plays a role in the patterning of larger vocal sequences such as syllables, whereas RA is thought to control of the motoric details of these syllables (31, 32) . In the zebra finch singing activity is strictly related to the daytime with some circadian variation (33, 34) . However, the song motif of adult male zebra finches is highly stereotyped with only a small temporal drift during long singing bouts (35) . Thus, we used this model to gain experimental evidence for a direct function of melatonin in the neural control of a motor pattern.
MATERIALS AND METHODS

Cloning of the melatonin receptors and in situ hybridizations
We isolated mRNA from brain tissue with the Dynabeads mRNA DIRECT kit (Deutsche Dynal GmbH; Hamburg) and used the reverse-transcription SUPERSCRIPT II Reverse Transcriptase kit (Life Technologies). For the PCR, the forward primer (5′-GSMATHGCYATCAACMGSTA-3′) for Mel 1A and Mel 1C was from the end of trans-membrane region 3 and that for Mel 1B ( 5′-GCYGAYCTGGTGGTGGCCTT-3′) from the middle of trans-membrane region 2 (according to 6). The reverse primer of Mel 1A , Mel 1B and Mel 1C (5′-CARCTGTTRAAATABGCCAT-3′) was from the middle of trans-membrane region 7 (according to 6). Fragments were sub-cloned into PGEM-7. Linearization for the sense probes was with HindIII for all three receptors (T7 polymerase) and with EcoRI (Mel 1B , Mel 1C ) and XhoI (Mel 1A ) for the anti-sense probes (SP6 polymerase).
The in situ hybridization procedure performed on sections of 10 adult laboratory raised males (>100 days) was as described previously (36) . Birds were killed by decapitation. Brains were removed and frozen over liquid nitrogen and then cut on a cryostat into 20 µm parasagittal sections. Sections were mounted onto Superfrost Plus slides (Fisher) in five different series, so that adjacent sections could be analyzed with three different probes using in situ hybridization and one series was Nissl-stained with thionin. RNA probes were labeled with 35 S-CTP. The labeling of the probes with 35 S-CTP (1250 Ci/mmol; NEN) was performed using the Riboprobe System (Promega). Sections were counterstained with the Nissl stain thionin and examined under darkfield illumination with a microscope (Leitz Aristoplan).
RA and HVC neurons were counted as labeled if they had 10 times more silver grains over their somata compared with neurons of adjacent areas that did not express the receptors. Although we did not use specific markers to distinguish between neurons and glia cells, the histological staining used is likely to stain predominantly neurons (37) . In each animal, a counting frame of 10,000 µm 2 was analyzed in every fifth section of RA and HVC. Sense controls showed no labeling. In situ hybridizations were further performed on RA-projection neurons, which were retrogradely labeled with DiI (Molecular Probes), pressure-injected into the nXIIts of five males. Stereotaxic injections were performed in males anesthetized with isoflurane according to permission of local authorities. These animals were killed 3 days after dye-injections and processed as described above.
Electrophysiological procedures
Adult laboratory raised male zebra finches (n=23) were used. Parasagittal 400 µm slices were prepared and maintained as described earlier by others (50) . Melatonin was kept as a stock solution in ethanol at 4°C for dilution with ACSF. The control solution consisted of ACSF containing 0.1% ethanol and is the same as the vehicle for melatonin. Melatonin (1 µM, pipette concentration) or vehicle was applied to interface slices using pressure ejection from a micropipette positioned over RA. Care was taken to keep the ejection pressure low so as not to damage the slice. Pressure ejection was monitored visually through the microscope. The ejected volume was such that the fluid formed a thin film just covering the whole of RA (~20 nl). Each slice was exposed to either melatonin or control solution, but never to both. Extracellular recordings were made using ACSF-filled glass electrodes (tip size of ~1-2 µm) connected to a DAM-6A amplifier (WPI), filtered (100 Hz high-pass, 10 kHz low-pass), digitized on-line using a 16-bit AC-coupled AD converter (Crystal Audio, Dell) at 11025 Hz, and also stored on DAT tape. Spikes were stored as waveforms of 64 samples and sorted using a template-matching algorithm (38) . Clusters were lumped on the basis of the refractory periods shown in their cross-correlational density histograms (39) .
We analyzed only those neurons in which we obtained a stable baseline during at least 30 min before application of melatonin or the vehicle. The stationarity of the firing frequency was assessed on-line on the basis of the interval histogram. Off-line, this was done by assessing autocorrelation and partial autocorrelation up to order 15 (see 40) . After application, the neurons were recorded for at least 60 min. The median interspike-intervals (ISI's) of the 30 min period before and 30 min after application of melatonin or the vehicle were determined. The difference between median ISI before and after application was tested using the Kruskal-Wallis test (JMP 5.01a, SAS institute).
Behavioral analysis
Individual adult males were housed together with a female in sound-attenuated boxes with a light: dark cycle of 14: 10 h. All sound events were automatically recorded and saved as time-stamped uncompressed digital audio files to a hard disk with a sampling rate of 44 kHz. All audio files of each male were manually checked for songs using sound-analysis software (CANARY). With this procedure, we monitored the song activity of all males.
The song of an adult male zebra finch consists of a (individually) specific syllable pattern (motif) that is repeated one to several times in a song (Fig. 4A) . Songs do not contain silent intervals longer than 0.2 s. We chose this criterion to distinguish between songs since zebra finches frequently produce single introductory elements between songs. Thus criteria of 1 or 2 s silence result in very long songs even if the birds produce just a few song motifs. The length of songs, of motifs, and of syllables was measured with CANARY (see Fig. 4 ). Since the number of introductory elements at the beginning of a song is variable, song length and motif length were measured without the introductory elements. Only motif length and syllables of the first motif of each song were analyzed to avoid confounding effects of temporal drift during long singing episodes (35) .
We studied circadian changes in the song temporal pattern of 6 adult males by measuring the song length and the motif length of the first 50 undirected songs of each 2 h bin of the 24 h recording days. Since we did not find a circadian pattern (see Results), we selected the first 2 h after light on for the sound analysis of the S20928-treated (n=8) and the vehicle-treated (n=8) males. S20928 acts as an antagonist of Mel 1B in neurons of mammals (41) . The songs of these males were recorded during each entire day three days before and after injection (i.p.) of S20928 (2 µg S20298/g body weight in 20% DMSO in NaCl) or the control vehicle (20% DMSO in NaCl). The injections were carried out 5 min before light off. We cannot be certain whether S20928 acts as a Mel 1B antagonist or agonist in our system since we were not able to test the compound in our brain slice preparation due to its lipophilic nature. S20928 was kindly provided by Dr. Delagrange (SERVIER, Nanterre, France).
RESULTS
Cloning and brain distribution of melatonin receptors
First, we cloned parts of three melatonin receptors of the zebra finch by standard PCR techniques. Sequence comparison of the cloned gene fragments with their chicken and human counterparts showed that the nucleotide sequence of the Mel 1A receptor (GenBank AY803771) was 88% identical with the chicken sequence and 75.5% identical with the human sequence. The amino acid sequence of the zebra finch Mel 1A protein was 92% identical with the chicken and 79% identical with the human sequence (6, 7). The nucleotide sequence of the Mel 1B (GenBank AY803772) was 93.5 and 69.8% identical with that of chicken and human, respectively, and its amino acid sequence was 96% (chicken) and 74% (human) identical (1, 7, 9) . The nucleotide sequence of the Mel 1C (GenBank AY803773) of the zebra finch was 92% similar to that of the chicken with 97.4% similarity for the amino acid sequence. No mammalian counterpart of the Mel 1C receptor is known (42) .
In in situ hybridization procedures, we localized the mRNA of the melatonin receptors with cRNA probes of the cloned Mel 1A , Mel 1B , and Mel 1C cDNAs in adjacent brain sections of adult male zebra finches. Among the areas of the descending song control motor system, only HVC and RA expressed the Mel 1B type (Fig. 1 ) but neither Mel 1A nor Mel 1C receptor mRNA. 17 ± 7% of the HVC neurons (Fig. 1A ) and 38 ± 6% of the RA neurons expressed Mel 1B (Fig. 1B) . In-situ hybridization histochemistry of retrogradely labeled RA neurons showed that most (98 ± 1.1%) of the Mel 1B expressing RA neurons are interneurons. Neurons of nXIIts expressed Mel 1C but neither Mel 1A nor Mel 1B mRNA (Fig. 1C) . Further, the RAM (nucleus retroambigualis), an expiratory premotor area of the medulla, expressed Mel 1C receptor mRNA but neither Mel 1A nor Mel 1B . This anatomical data suggested a cellular basis for direct receptor mediated action of melatonin on the song pattern.
The effect of melatonin on the firing of RA-neurons
To substantiate the hypothesis of a direct action of melatonin on neurons controlling the song pattern, we performed extracellular recordings of RA neurons in acute slices of the forebrain of adult male zebra finches during their subjective day. This circadian time was chosen to avoid masking effects of high levels of circulating melatonin on the electrical properties of song control neurons. The level of plasma melatonin of zebra finches is very low during daytime (43) .
Spontaneously active neurons in RA fired tonically at rates between ~2 and 5 Hz at room temperature. Firing rates were extremely stable (see Materials and Methods) and the interval histograms showed a single, narrow peak (data not shown). Melatonin significantly decreased the firing rate of RA-neurons (Fig. 2) . The median ISI before application was 0.5966 s in the melatonin group (n=21) and 0.4339 s in the controls (n=17). After application of melatonin, the median ISI had increased to 0.6790 s, whereas in the controls it remained virtually unchanged (median ISI: 0.4424 s). The difference between the median spike interval before and after application was larger after melatonin application than after vehicle application (Kruskal-Wallis, P < 0.002; Fig. 2A ). In controls, the median of this difference (see Materials and Methods) was -7.3 msec; in melatonin-treated slices it was 61.4 msec. The median coefficient of variation of the ISI's during the 30 min period before application was 29.3% in the controls and 32.1% in the melatonin group. In the 30 min following application it was 26.0% in controls and 31.0% in the melatonin treated animals. The differences were not significant (post-pre difference; KruskalWallis P=0.52) (Fig. 2B) . The effect of melatonin had a slow onset starting ~3 min after application (Fig. 2C) . The delay of 3 min between the local application of melatonin onto RA and the decrease in firing rate is likely due to the diffusion time of the melatonin into RA. The effect persisted for as long as the duration of the recording, at least 1 h after application. Whether or not melatonin affects other RA-neuron types remains to be seen.
Melatonin affects song pattern that do not undergo circadian changes
To evaluate if melatonin links the song motor pattern to a circadian cycle, we first studied the temporal organization of the song during the course of the day. The animals showed some circadian song activity (data not shown) with a peak in the morning as reported previously (33, 34) . However, both the motif length (Fig. 3A) and the song length (Fig. 3B) showed fluctuations during the day that were only very small, differed between animals, and showed no clear pattern during the day.
To study a role of melatonin for the control of the song pattern, we treated males systemically with the Mel 1B specific ligand S20928 at the onset of the night. This procedure was preferred over pinealectomy in view of the multiple independent sources of melatonin (44) and of the presence of Mel 1C receptors in brainstem vocal control areas and areas of the forebrain auditory loop (this study). Treatment of the males with S20928 led to a transient significant reduction of the length of undirected songs (ANOVA, P<0.001) of individual males during singing period of the following day (Figs. 4 and 5) . These songs were frequently interrupted either during or after the first motif. The following day, song length was back to pre-injection levels, which means that the effect lasted for one day of singing. Although we observed too few directed songs per male to allow statistical analysis, those, also appeared reduced in length in the S20928 treated males. The transiently decreased song length (Fig. 4B and 5 ) coincided with a decreased motif length (ANOVA, P<0.001) and a changed length of syllables (ANOVA, P<0.001). The eight males produced a total of 48 syllables. Of those, the length increased in 41.7%, decreased in 29.3% and remained similar in 12.4%. 16.6% of the syllables at the end of the motifs were entirely omitted after treatment (Fig. 4) . Beside the increased variability in syllable length there was no obvious change in spectral features of the syllables after treatment (Fig. 4) . Vehicle treatment neither affected song length (Fig. 5) nor motif length nor syllable length (ANOVA, P>0.10 for each). There was no effect of treatment on song activity.
DISCUSSION
Many areas of the vocal control pathway are targets of melatonin due to the presence of Mel 1B (HVC and RA) and Mel 1C (nXIIts and RAM) receptors in song nuclei (Fig. 1) . In particular, the amount and area-specificity of the melatonin receptor expression in a descending motor control pathway is surprising. Previous work showed particular dense expression of melatonin receptors in retinorecipient and integrative areas involved in vision (8, 10) . The general distribution of the Mel 1A , Mel 1B , and Mel 1C mRNA in the songbird brain and its comparison with melatonin binding sites of various avian species shall be published elsewhere (Fusani, Metzdorf and Gahr, in prep.). The cellular pathways via which the melatonin receptor types modulate neural circuits in birds are not studied in detail but are likely to vary between brain areas and neuron types as in mammals (45) (46) (47) . Melatonin receptors are known to affect numerous signal transduction pathways (inhibition of cyclic AMP and cyclic GMP accumulation, suppression of diacylglycerol synthesis and arachidonic release, decrease of intracellular Ca 2+ -concentration, and increase of membrane potential) with redundant and non-redundant roles of the receptor subtypes (45) (46) (47) . Despite the fact that we did not use neuron specific markers to identify the melatonin receptor expressing cells of vocal areas, the morphology and size of the cells in the Nissl-counterstained material suggest that most of them are neurons. Further, Mel 1B appears not to be expressed in glia cells (48) . For RA, the double-labeling experiment indicate that most of the neurons expressing the Mel 1B receptor mRNA are RA-interneurons, although we might not have backfilled all RA neurons projecting to nXIIts. In summary, our anatomical data suggest a neuronal basis for a direct area-specific effect of melatonin on the song pattern.
Although, we do not know the cellular pathways of melatonin action in any of the vocal areas we showed that melatonin indeed directly modulates neuronal activity in RA. Melatonin lowered the median spontaneous firing rate of RA neurons significantly by some 14%. Their slow spontaneous firing rates suggest that these neurons are RA-projection neurons (49, 50) . Most RA neurons expressing the Mel 1B receptor mRNA appear to be RA-interneurons (see above). Therefore, it is likely that melatonin acts on those RA-interneurons that express the Mel 1B receptor, which slows down the firing rate of postsynaptic projection-neurons. Because RAinterneurons are GABAergic (50) , melatonin might increase their inhibition exerted on the RA-projection neurons. This suggests an acute direct effect of melatonin on RA neurons similar to the melatonin-induced reduction in firing rate of neurons of the mouse suprachiasmatic nucleus (47) and of the rat medial vestibular nucleus (24). The latter effects are, however, mediated via melatonin action on Mel 1A (24, 47).
Regularly beating RA neurons are found both in intact animals and in brain slices. In slices these neurons fire tonically at low rates (2-5 Hz, depending on the temperature), while in intact, nonsinging animals they fire tonically at rates between 10-20 Hz (32, (49) (50) (51) (52) . During singing, the otherwise tonically active RA neurons are driven by RA-projecting HVC neurons to fire highfrequency bursts of action potentials. It is thought that different subpopulations of HVC neurons drive RA neurons with submillisecond precision by firing single, short bursts of just a few action potentials, what has been termed an 'ultra-sparse code' (52) . This effect of HVC on RA is likely to be mediated by RA interneurons (50) . If indeed HVC neurons fire only once during a motif or call (hence the sparseness of the code) then the margin for error is likely to be small. Likewise, the demands of the song system are high: inspiration, expiration, and syrinx movements need to be in synchrony in order to be able to produce complex sounds. Thus, although an increase of the ISI in melatonin-treated slices of 61.4 msec at first glance seems like a modest effect, it is not clear what an effect of this size would mean in vivo. First, the beating rates of these RA neurons are much higher in vivo (51) and second, actual singing is associated with a different mode of firing, the high-frequency bursting (32, 51, 52) , and it is not clear to what extend melatonin will affect this burst firing. In particular, it remains to be seen whether the spontaneous firing rate of RA neurons determines whether a neuron responds to the HVC driven ultra-sparse code. Given the demands that are placed on the system and the high-precision timing of events indeed observed in the intact animal, a modest inhibition of RA neurons may already be enough to interfere with or completely shut off, normal singing.
Before turning to the role of melatonin-sensitive circuits for the song pattern we need to discuss how melatonin could affect singing, since melatonin levels are very low during the daytime (43) when the males actually sing. During the night, RA electrical activity appears to recapitulate daytime singing activity (52) (53) (54) . Thus the nightly melatonin surge might be involved in these nightly episodes of spontaneous activity of the song control circuit. Such nightly activation might prime the song system to maintain its stereotyped neural activity during daytime singing. This would suggest that the nightly interference with melatonin receptor mediated mechanisms modifies the song pattern during the next day. Indeed, males, in which we intended to inhibit the Mel 1B receptor with an antagonist, sang significantly shorter songs, shorter song motifs, and syllables of more variable length on the following day. They also lost some syllables transiently. Clearly, since we treated the animals systemically with the putative Mel 1B antagonist the observed changes in song pattern could be ascribed to inhibition of melatonin receptors in both HVC and RA. In relation, the reduced song and motif length of the melatonin receptor inhibited males might be due to a mismatch between the expected and the actual on-off times of the syllables (55), or due to impaired coordination of the expiratory (syllables) and inspiratory (silence) rhythms (56), or due to problems of syllable sequencing (31) . Both, the presence of Mel 1B in the HVC and RA and our electrophysiological data suggest a direct action of the Mel 1B -antagonist in vocal areas as an explanation of the behavioral observations. Indirect actions of the antagonist on other brain areas that express Mel 1B receptors as cause of the observed deteriorated song pattern cannot entirely be ruled out. Brain areas outside the vocal control system that express melatonin receptors such as the preoptic area (Fusani, Metzdorf, and Gahr, in prep) are involved in the control of singing activity (57), which was not affected in our birds. Melatonin binding in such areas as well as in the striatal Area X of the vocal system (26) might, however, affect the motivation to sing. Immediate early gene mapping suggests that Area X is inactive in courting zebra finches (58) . In relation, in starlings, melatonin binding of Area X appears down-regulated in the breeding period (26), which is similar to the very low melatonin binding in the Area X of zebra finches that had access to females (13) , although the courtship status of the latter males was not studied in much detail. A further unlikely possibility is a change in testosterone production following the treatment with the melatonin antagonist. Melatonin appears to inhibit the hyothalamus-pituitary-gonadal axis of some avian species (59, 60) , which might involve melatonin receptors in the preoptic area that hosts a large population of gonadotropin-releasing hormone containing neurons (14) . In this scenario the antagonist would, however, increase the production of gonadal testosterone, which is unlikely to explain the observed degenerated song pattern (see also below).
Our data are a first direct indication that melatonin plays a major role in neural functions and behavioral control independent of circadian rhythms since song pattern of the zebra finch is not circadian (Fig. 3) . Such function could mediate day-to-day changes in the socio-sexual and physical environment and thus guarantee honest signal value of the songs. This does not exclude long-term consequences of melatonin action such as altered seasonal morphological dynamics of forebrain song areas (61) . Male zebra finches use their individual song to maintain contact with other zebra finches or their mates, but the song is also an integral feature of the male courtship behavior. In the latter, males produce their songs with higher speed and song length is significantly increased (28, 29). Although we did not observe many courtship songs in the males treated with the melatonin receptor antagonist, all songs produced by these males were short. Thus, on a day-by-day basis melatonin appears to modulate the males' ability to sing songs that are preferred by females (28-30). By contrast, modulations of the singing of adult zebra finches that depend on the gonadal production of sex hormones are rather slow and long lasting and do not concern the basic song pattern (62) (63) (64) (65) . In keeping with the notion that nightly blockade of melatonin receptors makes the song less attractive, the S20928 treated males obtained no copulation at the day of treatment but copulated at the days before and after the treatment-day (data not shown). The interpretation of our results in light of sexual selection theories such as honest signaling remains speculative, due to the lack of detailed knowledge concerning the control of melatonin production of birds other than the photoperiod.
The gene-expression, electrophysiological, and behavioral data together strongly suggest that the "melatonin-Mel 1B receptor" pathway of song control areas plays a crucial role in the production of the males' song pattern. 
